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EXPERTMENTAL INVESTIGATION OF HEAVY-MOLECULE
PROPELLANTS IN AN ELECTRON-
BOMBARDMENT THRUSTOR
by David C. Byers, William R. Kerslake, and Jack Grobman

Lewis Research Center

SUMMARY

An experimental program was undertaken to determine the performance of
several heavy molecular compounds in a lO-centimeter-diameter electron-
bombardment ion thrustor. The effects of various thrustor parametric changes
on the overall performance of a particular heavy molecular compound were also
investigated.

The experlimental results indicated that heavy-molecule ion beams could not
be produced in quantity, at acceptable levels of thrustor efficiency, from an
electron-bombardment thrustor of a design presently used with monatomic propel-
lants. The study of the performance of several test molecular propellants sug-
gested that thrustor discharge phenomena were more Important in determining the
average mass of the ilons in the exhaust beam than were molecular composition
and. structural characteristics. Variation of a number of thrustor parameters
in an attempt to reduce molecular fragmentation produced no significant im-
provement in overall thrustor performance.

INTRODUCTION

An experimental program was initiated to investigate the feasibility of
employing high-molecular-weight compounds as propellants in an electron-
bombardment thrustor. The deslire for using heavy molecules, (i.e., with masses
greater than 200 amu) arises primarily from the fact that, at a given specific
impulse, the thrustor power efficiency would be expected to increase as ion
mass to charge ratio is increased, provided that the energy required to form an
ion does not vary significantly with ion mass. This effect is of particular
interest at specific impulses below 10,000 seconds (ref. 1). The use of heavy
molecules would result in larger accelerator grid spacings as a consequence of
the practical limit on electric field intensities between the accelerator grids
(ref. 2). This increased spacing should ease practical design and fabrication
problems for thrustors operating in the specific impulse range of interest.



The study herein consisted of two phases. ZFirst, an attempt was made to
determine the performance of the test propellants in a 1l0-centimeter-diameter
thrustor. For this phase, most of the molecules were selected on the basis of
stability to electron impact (ref. 3) and high vapor pressure at moderate tem-
peratures. Thrust target measurements were taken over a variety of thrustor
operating conditions in order to determine the effective mass of the ions in
the thrustor ion beam. Operational data, such as propellant utilization effi-
clency and thrustor power efficiency, were computed throughout the tests.

In the second phase, a program of variation of geometric and electrical
thrustor parameters was undertaken in order to determine which physical phe-
nomens are most responsible for fragmentation. Possible processes might in-
clude fragmentation due to wall interactions, excessive propellant temperature,
excessive primary electron energy, multiple impact, and apparent fragmentation
due to multiple ionlzation. Most data in this phase were taken with stannic
iodide as a propellant.

APPARATUS AND PROCEDURE

A cutaway sketch of the 10-centimeter-diameter electron-bombardment
thrustor used for the bulk of the experiments and on which most modifications
were made is shown in figure 1. A schematic diagram of the electrical system
is shown in figure 2.

The propellant flows through a calibrated orifice between the vaporizer
and the flow distributor. After leaving the distributor, the flow enters the
ion chamber. A field winding surrounding the lon chamber provides a magnetic
field roughly parallel to the axis of the ion chamber. Electrons from a hot
filament bombard the neutral molecules in the ilon chamber, ionizing some of
them. The ions then diffuse to the ion-accelerating region between the screen
and accelerator plate and are eJected from the thrustor. The performance of
?his tyﬁe thrustor with mercury as a propellant has been described previously

ref. 4).

External electrical circultry provided control over the thrustor discharge
and output parameters. The primary electron energy is essentially a function
of the ion-chamber potential difference (discharge voltage). The level of ion
beam current is, in general, proportional to the filament emission current, al-
though the exact dependence is strongly affected by the other thrustor vari-
ables. The interrelation of the various thrustor parameters 1s quite compli-
cated and is described in detaill in reference 5.

Both steam-jacketed and electrically heated vaporizers (ref. 6) were used
in the program. The vaporizer operating temperature and flow-limiting orifice
size were chosen to produce a vapor pressure of approximately 100 to 500 mi-
crons of mercury in the vaporizer and equivalent neutral beam current J, of
about 0.15 ampere, with the assumption of a unit charge on each molecule. (All
symbols are defined in appendix A.) This propellant flow rate was selected be-
cause a previous investigation (ref. 7) has shown that for an accelerator life
of about 10,000 hours, with mercury propellant in a 10-centimeter-dlameter



thrustor, beam currents should be about 0.15 ampere.

For those molecules for which vapor pressure data were not available, an
initial calibration was made to determine the vaporizer temperature and orifice
gsizes necessary to produce a desired propellant flow rate. With a known vapor-
izer temperature, orifice size, and mass flow rate (from weight loss over a
known time period) it was possible to estimate the vapor pressure (e.g.,
ref. 8). Experimental data on the test molecules are listed in table I.

As the flow calibration gave only approximate results, the propellant mass
was weighed before and after each thrustor run to determine the integrated neu-
tral flow rate. The length of a typical thrustor test was longer than 1 hour,
and as the temperature would remain constant to within 1/20 C with steam vapor-
izers, a good estimate of the average neutral propellant flow rate could be ob-
tained. Steam-jacketed vaporizers provided more accurate temperature control
than the electric vaporizer and hence were utilized whenever possible.

The investigation was conducted in one of the 5-foot-diameter 16-foot-long
vacuum facilities at the NASA Lewis Research Center. The tank, shown in fig-
ure 3, has three 32-inch oil-diffusion pumps that feed into a common ejector
pump, followed by a mechanical pump. With cryogenic pumping used in conjunc-
tion with the pumps, tank pressures of approximately ZLO_6 millimeter of mercury
were maintained during thrustor operation.

Thrust Measurement

The thrust of the lon beam was measured with conical thrust targets, which
were all 50 centimeters long and either 25 or 28 centimeters wide at the base
and were fabricated of 0.025-millimeter-thick stainless steel or C.05-
millimeter-thick titanium. Titanium was found preferable primarily because of
its 1light weight. Titanium is alsc advantageous because of its low sputtering
yield (ref. 9) and ability to withstand high temperatures.

Figure 3 also shows the location of the thrust target (similar in con-
struction to that described in ref. 10) and the thrustor. The dlstance between
the thrustor and the thrust target was 40 centimeters.

During operation of the thrustor, the target was deflected by the ion
beam. If the thrust and the lon beam parameters are known, 1t is possible to
calculate the effective mass of the impinging beam particles from the equation

F = Cy/Vp Jp/i, (1)

where F 1is the measured thrust in newtons, C 1is a constant, Vi 1s the anode
potential in volts, Jp 1is the beam current in amperes, and M, 1is the effec-
tive ion mass in atomic mass units.

Appendix B glves a more complete description of the thrust measuring de-
vice, the methods of calibration, the significance of the thrust target




measurement, and an evaluation of the experimental accuracy of the device,
which is estimated to be 20 percent in determining M-

The propellant utilization efficiency was calculated from the product

Ty = (2)

Sy
St

where J is the neutral beam current and M@ 1s the parent ion mass.

n

Possible Modes of Molecular Fragmentation

While an electron-bombardment thrustor can produce large beams of parent
ions when atomic species are utilized as propellants, the use of molecular com-
pounds might lead to considerable fragmentation in the thrustor discharge
(ref. 3). If even a small fraction of the propellant should be converted to
ions of low mass to charge ratio, either by fragmentation or multiple ioniza-
tion, the potential advantages arising from the use of heavy molecules would
soon disappear. It is therefore of interest to consider the possible processes
that might give rise to such species. Five such processes will be considered:
wall interactions, fragmentation due to excessive neutral propellant tempera-
ture, fragmentation by primary electrons, multiple impact by primary electrons,
and multiple ionization.

Wall interactions. - Impact of ions on the walls of the ionization chamber
was considered as a possible cause of molecular ion fragmentation. Reference 4
indicates that there is a considerable mercury lon current to the chamber sur-
faces from the plasma in the lonization chamber. The approximate magnitude of
this ion current is deduced from electron currents in external circuitry and
from the increased energy required to form each beam ion as the ionization
chamber length is increased.

Because the bulk of the plasma is within a few volts of the anode poten-
tial (ref. 11), ions could fall to the screen, the filament, and the distrib-
utor plate with energies of the order of the ion-chamber potential difference.
Tons formed in the anode sheath could also strike the anode with energies of a
few volts (ref. 11).

Since the bond energies between atoms in a large molecule are of the or-
der of 2 to 5 electron volts (ref. 12), such impacts might provide a mechanism
for fragmentation 1f some of the ion kinetic energy becomes localized in a
particular molecular bond.

Chemical interactions between wall surfaces and both ions and molecules
could also occur (refs. 3 and 13). Evaluation of such interactions could not
be made, however, without data on the specific molecule-surface system involved.

Neutral propellant temperature. - Neutrals in the discharge will probably
have temperatures that are at least as high as those of the metal surfaces of




the ionization chamber, which are typically 500° K (ref. 10). Neutral tempera-
tures of this order might contribute to molecular fragmentation. The electron-
impact-fragmentation spectra of scme molecules, especially the parent mass
fractions, have been found experimentally to be strongly dependent on the tem-
perature. As shown in reference 14, the parent mass fraction decreased very
rapidly with temperature for some alkanes and cycloalkanes; however, the dis-
tribution of fragment ions is affected to a lesser extent. It was also found
that the adverse effect of temperature increases with increasing structural
complexity of the organic molecules tested.

In the ion-chamber plasma, the molecules would undergo collisions with
both thermal and primary electrons, and to a much smaller extent, with ions and
other molecules. Such collisions would probably determine the 1nternal vibra-
tional energy of the neutrals. The effects of these collisions on the mole-
cules utilized in the program and the temperature dependence of the mass spec-
tra of these molecules are unknown. These considerations preclude conclusions
as to the consequences of such collisional processes in the discharge.

Pyrolysis (or dissociation due to excessive internal energy) in the gas-
ecus state probably would not play a major role in determining the ultimate ion
spectra in a thrustor at normal operating conditions. Even if the neutral tem-
perature is assumed to be that of the filament, typically 2400° K (ref. 15),
the internal energy, which could be localized in a particular intermolecular
bond, would be small compared with the intermolecular bond strengths (ref. 12).

Primary electron impact. - It has been found for many organic molecules
that the parent mass fraction, or ratio of parent to total lons, decreases very
rapidly as the energy of the ionizing electron increases to approximately twice
the ionization potential. At higher electron energies, the parent mass frac-
tion remains fairly constant. Reference 14 shows the parent mass fraction as a
function of electron energies for a number of organic molecules; reference 16
shows the fragmentation patterns for some of the molecules used in this pro-
gram. These data, however, were taken in a mass spectrometer rather than in an
electron-bombardment thrustor.

These references show also that, at energles near the ionlzation poten-
tial, the lonization efficiencies are quite low and increase very rapidly with
increasing electron energy. For example, for 1,2,4,5-tetrabromobenzene (ion-
ization potential, 10.7 v) the ilonization efficiency increased by a factor of
7 as the lonizing electron energy increased from 14 to 20 wvolts.

Such data demonstrate that, to maximize the parent mass fraction, the
thrustor should be operated at a discharge voltage near the ionlzation poten-
tial of the molecule being utilized, although considerations of ionization ef-
ficiencies indicate that the most efficlent thrustor operation might be cb-
tained &t somewhat higher discharge voltages.

Multiple impact. - A calculation from reference 3 indicates that a mole-
cule might undergo as many as 200 inelastic collisions with primsry electrons
before being diffused and/or accelerated from the ionization chamber. These
multiple collisions might explain, in part, the discrepancles between effective
ion masses calculated from data taken with a mass spectrometer and those




evaluated from the thrust of an lon beam from a discharge source with a given
primary electron energy.

Tons might also undergo collisions with thermal electrons. Reference 3
also indicates that electron-ion recombination (arising primarily from three-
body processes) with possible dissoclation might occur with a frequency compa-
rable to that for ionization.

Multiple ionization. - No evaluation of the degree of multiple ionization
could be made in this program. Although multiple ionization can be reduced to
a negligible level in a mercury discharge by operating at discharge voltages
less than 50 volts (ref. 17), this may not be possible when a molecular com-
pound is utilized, unless discharge voltages are quite near the molecular ion-
ization potential.

Selection of Propellants

The following molecules were selected for testing: anthracene, pyrene,
chrysene, 1,2,4,5-tetrabromobenzene, pentabromophenol, stamnic iodide, sele-
nium, and silicotungstic acid. The chemical formulas and atomic welghts of
these molecules are shown in table I.

Some of the molecular compounds were selected on a basis of expected sta-
bility to electron impact and desirable vapor pressure properties. A theoret-
ical study (ref. 3) and references contained therein indicate that aromatic
ring compounds would offer the best fragmentatlon resistance characteristics of
any organic materials. Five molecules selected for testing were of this class.
Three of these, pyrene, chrysene, and anthracene, are simple ring compcunds to
which heavy atoms might be attached to provide large, heavy molecules in future
investigations. The other two molecules of this class, pentabromophencl and
1,2,4,5-tetrabromobenzene, are halogenated benzene ring compounds. As these
compounds should be representative of the most stable organic materials under
electron impact, no other organic types were investigated. Three inorganic
materials, stannic iodide, selenium, and silicotungstic acid, were also in-
vestigated for two reasons: First, very little is known of the fragmentation
patterns of inorganic materials, so for completeness it was felt that they
should be tested in the program. Second, the three compounds selected repre-
sented a varilety of intermolecular bonding types and initial molecular mass and
hence might allow some comparison within inorganic compounds.

RESULTS AND DISCUSSION

The experimental results presented herein are divided into two categories.
In the first section, data on the effective ion mass for the different propel-
lants under investigation are compared at representative operating conditions
for the electron-bombardment ion thrustor. In addition, thrustor performance
data with the different propellants are shown. In the second section, the ef-
fect of altering various thrustor operatling parameters on the effective ion
mass of a single propellant, stannic iodide, 1s described.



Investigation of Different Selected Propellants

No data are presented for chrysene because no reliable measure of the neu-
tral flow rate could be obtained during any test of this compound. Severe 4if-
ficulties were encountered in controlling the neutral propellant flow rate when
the electric vaporizer was utilized during tests of several compounds.

Also, no data are shown for silicotungstic acid for two reasons: First,
during all tests with this compound, the discharge in the ion chamber quenched
after a relatively short thrustor operating period. Inspection of the vapor-
izer, however, showed that most of the propellant remained unused. The mea-
sured neutral propellant flow rate agreed gquite closely with the value to be
expected from the loss of the waters of hydration for this compound. Second,
the experimentally determined values for the effective ion mass were very close
to the value to be expected for singly charged water molecules or oxygen. Af-
ter the waters of hydration had apparently been removed from the propellant in
the vaporizer, no ion beam could be obtained at vaporilzer temperatures as high
as 6700 K.

Variation of effective lon mass with ion beam current. - Figure 4 shows
the variation of effective ion mass, determined by thrust measurement, as a
function of ion beam current for five propellants: stannic iodide, 1,2,4,5-
tetrabromobenzene, anthracene, pentabromophenol, and selenium. Results for
pyrene are not presented because data were not obtained for a range of ion beam
current. The equivalent neutral beam current Jp varled over a large range
during tests with the varlous propellants., It must be noted that the ion beam
current does not specify the propellant utilization efficlency in the case of
molecular propellants (eq. (2)).

The data show that the effective lon mass is much smaller than the parent
ion mass over the entire range of ion beam current. With the exception of
pentabromophenol and selenium, the effective lon mass of the propellants in-
vestigated remained fairly constant for values of ion beam current above about
0. 05 ampere; however, as the lon beam current was decreased below 0.05 ampere,
the effective ion mass tended to increase for all propellants, with the ex-
ception of 1,2,4,5-tetrabromobenzene. The effective ion mass for pentabromo-
phenol and selenium Increased nearly linearly with decreasing ion beam current.

The data for stanmnic lodide exhibit the largest calculated value for ef-
fective ion mass of all propellants studied. The effective ion mass for stan-
nic iodide was about 140 atomic mass unlts at values of ion current above
0.05 ampere and increased shaxply at lower values of lon beam current, becoming
as large as 300 atomic mass units at about 0.0L ampere. During some tests with
stannic iodide, ion beam currents as high as 3 times the neutral beam current
were obtained for the assumption of a singly charged stannic iodide molecule.
The results seem to indicate that many of the ions in the beam were singly
charged iodide atoms.

The effective ion mass of 1,2,4,5-tetrabromobenzene is quite near the
value for a singly charged bromine atom (80 amu). The composition of the ion
beam cannot be specified from experimental thrust measurements because of the



complexity of the organic chemicals studied and because a given value for the
effective ion mass may be produced from a varlety of mass spectra. Additional
data showed that values for ion beam current approximately as large as the
equivalent neutral beam current could be obtained with 1,2,4,5-tetrabro-
benzene. The ratio of effective beam ion mass to parent ion mass at this con-

dition was approximately 1/5.

After all tests with 1,2,4,5-tetrabromobenzene, as was the case following
most runs with the organic compounds, a black deposit was found on the screen,
the anode, and the distributor plate. Chemical tests indicated that these de-
posits were carbon.

The effective ion mass for anthracene is nearly constant for values of ion
beam current above 0.030 ampere but tends to increase as the ion beam current
is lowered below 0,030 ampere. The highest value for the ion beam current that
was obtained with anthracene was approximately equal to the equivalent neutral
beam current.

The effective ion mass for pentabromophenol decreased linearly with in-
creasing ion beam current for the range of ion beam current that was investi-
gated. After pentabromophencl was investigated experimentally, data were found
(ref. 16) which indicated that the compound dissociates on heating. Values for
the lon beam current as high as 1.5 times the neutral beam current were ob-
tained in one test with pentabromophenol.

The effective ion mass for selenium decreased slightly with increasing ion
beam current for the range investigated and became approximately the value for
the mass of a singly charged selenium atom (79 amu) as the ion beam current was
increased above a value of 0.100 ampere. Values for the ion beam current as
high as two times the neutral beam current were obtained for selenium for the
assumption of a singly charged selenium molecule containing eight selenium
atoms. Higher values for the lon beam current might have been attained were it
not for space-charge limitations imposed by the accelerator grids. During this
test, the electric vaporizer could not be controlled so that the data presented
represents a very large variation in neutral propellant flow rates. Only one
test was made because of the toxiclty of selenium compounds.

Variation of effective ion mass with filament emission current. - Data

beam current were taken by varying a given thrustor input parameter and adjust-
ing the filament emission current to obtain the desired ion beam current.

Since the filament emission current represents an important thrustor input pa-
rameter, the effect of filament emission current on the effective ion mass of
the various propellants will now be shown.

Figures 5 and 6 show the effective ion mass of stannic iodide as a func-
tion of ion beam current and filament emission current, respectively, at three
values of ion-chamber potential difference. It is seen that, within experi-
mental error, the effective ion mass was affected primarily by the value of
emission or beam current and not by the discharge voltage.



The similarity in the variations of effective ion mass with the emission
and ion beam currents is a result of a linear relation between these two param-
eters in the range of mass utilization investigated. The variation of ion beam
current with filament emission current, with all other thrustor variables held
constant, is shown for stannic iodide in figure 7. The slope of this curve
varied with each propellant.

Figures 8 to 10 show the variation in filament emission current necessary
to maintain a constant ion beam current while varying ion-chamber potential
difference, magnetic field intensity, or anode potential, respectively. The
data in figures 8 and 10 were obtained with stannic iodide, and the data in
figure 9 were obtained with 1,2,4,5~tetrabromobenzene; however, the results in
these flgures are representative for all propellants investigated. It is ap-
parent from these figures that it was necessary to vary the filament emission
current by a factor of about 2 in order to hold the ion beam current constant
while varying each of the other thrustor input parameters over 1ts operating
range.

Attempts to separate the effects of the emission and ion beam currents
were unsuccessful. Ion-molecule interactions in the ion beam should not be of
primary importance in determining the ion mass spectra. The filament emission
current, rather than the ion beam current, was then assumed to be the inde-
pendent parameter in determing the effective lon mass.

Reference 18 contains data on the electron number density of a mercury
discharge in an electron-bombardment thrustor. These data indicate that the
ion-chamber discharge current (approx. equal to the filament emission current)
influences both the thermal and primary electron number densities and that
these densities are strong functions of axial and radial positions in the ion-
ization chamber. Also, the thermal electron density was found to drop nearly
an order of magnitude when the ion accelerating potentials were applied, while
the radial density of primary electrons was less sensitive to variation of this
thrustor parameter.

These data indicate the uncertainty in relating the filament emission cur-
rent to plasma conditions, or to specific molecule and/or ion-electron inter-
actions.

Variation of effective ion mass with ion-chamber potential difference. -
The effect of ion-chamber potential difference on the effective ion mass of the
heavy-molecular-weight propellants would appear important becausgse the energy of
ionizing electrons has a predominant influence on the mass spectra of molecular
ions at electron energies near the lonization potential (ref. 14).

The data shown in figure 11 were obtained at constant values of ion beam
current, magnetic fleld intensity, anode potential, accelerator potential, and
neutral beam current for each propellant studied. The effective ion mass does
not appear to be dependent on the ion-chamber potential difference over the
range of stable thrustor operation. The greater part of the variation in ef-
fective ion mass, which was noted for most propellants, falls within the esti-
mated experimental error (about *20 percent) for the effective ion mass ob-
tained from the experimental thrust measurements.



Figure 12 shows the effective ion mass of stannic lodide as a function of
ion-chamber potential difference at two values of emission current. It is seen
that a small increase in effective ion mass occurs as the discharge voltage de-
creases in value, however, the variation is less than 25 percent. Data of this
type are limlted by the large filament powers necessary to produce a constant
emission current at low values of dlscharge voltage.

The range of ion-chamber potential difference over which the thrustor
could be operated was limited by the following factors. At high values of ion-
chamber potential difference (generally about 100 v), thrustor operation would
become quite unstable, causing arcing and high-voltage breakdowns. At low val-
ues (16 to 20 v for most propellants), the ion-chamber discharge would be
quenched, and no measurable ion beam current could be observed. The minimum
value for the ion-chamber potential difference at which the discharge would be
extinguished will be referred to as the quench potential for a particular pro-
pellant. The experimental values for the quench potential of most of the pro-
pellants tested are included in table I. Also listed are the ilonization poten-
tial and the fragmentation potential when known (ref. 16). The quench poten-
tial is approximately twice the ionization potential for most of the propel-

" lants investigated.

It would be difficult to state specific reasons for the quenching of a
molecular plasma, At values of electron energy approaching the ionization po-
tential, however, the ionization cross sections of all the test compounds are
greatly reduced, and various energy loss mechanisms (such as molecular excita-
tion, bulk recombination, and ion withdrawal from the ionization chamber) might
predominate and lead to gquenching of the plasma. Such considerations indicate
that it might be very difficult to produce a plasma, which 1s capable of sup-
plying desired ion densities to the accelerator region, at discharge voltages
near the molecular ionization potentials.

The inability to operate the thrustor at low values of discharge voltage
precludes any conclusions, however, as to the significance of the primary elec-
tron energy in molecular fragmentation in the ionization chamber.

Variation of effectlve ilon mass with magnetic fleld intensity. The effect
of magnetic field intensity on the effective ion mass of anthracene and
1,2,4,5-tetrabromobenzene is shown in figure 13. The field was measured on the
axis of the thrustor in the plane of the screen grid. Only the emission cur-
rent was varied. The magnetic field intensity has a relatively small effect on
the effective ion mass over the range investigated (21 to 64 gauss).

Variation of effective ion mass with anode potential. - The effect of
anode potential on the effective ion mass for stannic iodide, 1,2,4,5-tetra-
bromobenzene, pentabromophenol, and pyrene is shown in figure 14. In general,
the effective ion mass was nearly independent of anode potential. Although the
effective ion mass of pentabromophenol and pyrene appear to increase with anode
potential, the variation i1s within experimental error and is not considered
conclusive. The data were recorded at a constant ratio of net to total accel-
erating voltage of 0.8 for all four propellants. In addition, the ion-chamber
potential difference, the ion beam current, the magnetic field intensity, and
the neutral beam current were held constant for each propellant.
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Variation of effective ion mass with neutral beam current. -.In order to
vary the neutral number density in the discharge, neutral propellant flow rates
were varied for three propellants, pentabromophenol, 1,2,4,5-tetrabromobenzene,
and selenium.

Figure 15 shows the effective ion mass of 1,2,4,5-tetrabromobenzene as a
function of ion current for two neutral flow rates, which differed by a factor
of 1.5. These data were taken at constant anode voltage and magnetic field;
however, the discharge voltage differed by 10 volts in the two tests. Fig-
ure 18 shows the effective ion mass as a function of ilon-chamber potential dif-
ference for pentabromophenol for two flow rates, which differed by a factor of
4, while the ion currents varied by a factor of approximately 3.5. These data
were taken at constant magnetic field and anode potential.

In both cases it 1s seen that the effective ion masses were slightly high-
er wilth increased neutral flow; however, as the data for each propellant were
obtained in separate tests, comparisons are somewhat uncertain.

During the test with selenium, in which a very wide range of neutral beam
currents was inadvertently obtained, no significant variation in effective ion
mass was noted.

Thrustor efficiencies with selected propellants. - The most significant
potential advantage in the use of heavy molecules as a propellant is in in-
creased thrustor efficiency. It is of interest to show the effect of the var-
ious test propellants on thrustor performance. The results are discussed in
the following order: propellant utilization efficiency, thrustor power effi-
cilency, and overall thrustor efficiency.

Data presented in this report have shown that the effective ion mass of
all the propellants studied is much lower than the parent mass. On the other
hand, ion beam currents larger than the neutral beam current could be obtained
for some of the propellants, which could be a result of either molecular frag-
mentation or multiple ionization. Figure 17 shows the normalized effective ion
mass as a function of the normalized ion beam current. Lines of constant pro-
pellant utilization efficiency (which can be seen to be hyperbolas from
eq. (2)) are also included in the figure. It is shown in figure 17 that the
propellant utilization efficiency never exceeded 50 percent for any propellant
studied. Operation of the thrustor at low levels of JB/Jn (at which the high-
er values for the effective lon mass were obtained) resulted in a substantial
reduction of the propellant utilization efficiency. In addition, it was gen-
erally necessary to operate at values of JB/Jn greater than 1 to obtain pro-
peliant utilization efficlencies greater than 20 percent.

The thrustor power efficiency (ratio of beam power to power input) of the
electron-bombardment thrustor was calculated in the same manner as described
in reference 19. The variation of thrustor power efficiency with ion beam cur-
rent is shown for stannic iodide in figure 18. Thrustor power efficiency tends
to approach values of 60 to 70 percent as the ion beam current is increased.

As the ion beam current is reduced to values below about 0.050 ampere, the
thrustor power efficiency drops off sharply to values below 40 percent. These
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data are representative for all propellants studied. It is evident, therefore,
that the highest effective ion masses are obtained at the expense of low
thrustor power efficiendy.

The overall thrustor efficiency is the product of the propellant utiliza-
tion efficiency and the thrustor power efficiency. The highest value obtained
for overall thrustor efficlency was about 35 percent. Operation of the thrust-
or at conditions which lead to maximum values for the effective ion mass re-
sulted in overall thrustor efficiencies of less than 10 percent for all pro-
pellants. For example, at an ion beam current of 0.020 ampere, the overall
thrustor efficiency was about 4 percent for stannic iodide and about 8 percent
for anthracene,

Variation of Thrustor Operating Parameters

The data of the previous sections indicate that production of ion beams
of heavy molecules in a 1O0-centimeter-diameter electron-bombardment thrustor
could be achieved only at extremely low levels of overall thrustor efficiency.
Four sources of molecular fragmentation as well as multiple ionization were
consldered as possible explanations of the inability to obtain heavy molecular
ions in quantity from a 10-centimeter-diameter electron-bombardment thrustor.
Besides multiple ionization, these phencomena are fragmentation due to wall
interactions, excessive neutral propellant temperature, excessive primary elec-
tron energy, and multiple ion and/or molecule-electron impact. A program of
variation of both physical and electrical thrustor parameters was carried out
to discover if any of these postulated difficulties could be identified and
perhaps alleviated.

Stannic iodide was used for most of the tegts for several reasons. It had
the largest effective ion mass of any molecule tested, its structural simplic-
ity might facilitate interpretation of the data, and lastly, a steam vaporizer
could be utilized, which allowed more reliable measurements of the neutral pro-
pellant flow rates than did the use of an electric vaporizer.

Biased distributor plate. - A bias was applied to the distributor plate
with respect to the filament and the screen to determine the effect of ions
interacting with the surfaces of the ionization chamber. Three propellants
were tested with the biased distributor: anthracene, 1,2,4,5-tetrabromo-
benzene, and pentabromophenol. The result of this variation i1s seen for
1,2,4,5-tetrabromobenzene in figure 19, where the bilas is positive with respect
to the screen. It is seen that the positive bias voltage had little effect on
the effective lon mass. Additional data, not plotted, indicated that negative
bias voltages (to 20 v) also produced no varlation in effective ion mass for
1,2,4,5-tetrabromobenzene, With anthracene and pentabromophenol no variation
in thrust was recorded over a 0O- to +60-volt range of distributor bias for
either molecule.

The complexity of plasma interactions makes it difficult to estimate the
degree to which biasing the distributor plate would affect ion-wall interac-
tions. ITon-wall collisions could occur at the screen, the anode, the outer
chamber surface, and the filament regardless of the distributor bias. The
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effect of ions striking the filament is probably small, however, since the
ratio of filament to ionization chamber surfaces is usually about 0.0l. TIn
addition, fields in the discharge chamber (ref. 11) and near the acceleration
region (ref. 10) would be such to reduce ion-wall interactions at the anode and
the screen, respectively. Such considerations then indicate that the distrib-
utor plate would be a major source of lon-wall interactions. The fact that the
effective ion mass was not dependent upon distributor bias does indicate that
ion-wall interactions are probably not a primary source of fragmentation in
the discharge.

Variation of filament emitting area. - As shown previously, it was im-
possible to obtain measurable beam currents at discharge voltages near the ion-
ization potential of any of the molecules. The data in table I show that, in
most cases, the minimum operating potential was about twice the ionization po-
tential, where data allowed direct comparison.

Several types of filaments were tested in a 1O0-centimeter-diametexr thrust-
or with stannic iodide to determine whether an increase in the emitting area of
the filament would allow lower discharge voltages to be utilized. Two tantalum
filaments, one a ribbon design and the other a single wire, that differed in
surface area by a factor of 9 were tested under otherwise almost identical
thrustor conditions. The neutral propellant flows differed by 15 percent.
There was no effect, within experimental error, in the minimum operating volt-
ages that could be achieved, and no substantial difference was noted in the
effective lon masses obtained with the two filaments. The quench potentials in
these tests were measured and found to be about 3 volts lower for the filament
with the smaller emitting area. For any molecule during a given test, quench
potentials would vary by as much as 2 volts, so that such measurements must be
considered somewhalt inconclusive. Filaments with the same ratio of emitting
areas were tested in a 1lO-centimeter-diameter thrustor with a 2.5-centimeter-
long ionization chamber with similar results. Neither the gquench potentials
nor the effective ion mass seemed to be affected by the filament emitting area.

Thrustor operation with a barium oxide coated cathode (ref. 20) proved
unsuccegsful, as the propellant, stannic iodide, apparently poisoned the
cathode.

Variation of neutral density. - The effect of increased neutral density
was investigated utilizing a 5-centimeter-diameter thrustor. The neutral pro-
pellant flow rate of stannic lodide was approximately the same as that for the
tests with the 1lO-centimeter-diameter thrustor. 1In two tests with the small
thrustor, the quench potentials were 18 and 20 volts, which compare with the
17- and 20-volt gquench potentials of the 1O0-centimeter-diameter thrustor. The
effective ion masses measured were very similar to those obtained with the 10-
centimeter-diameter thrustor.

Variation of ionization chamber length. - In order to reduce the number of
molecular and/or ion-electron collisions within the ionization chamber, an
attempt was made to decrease the molecular residence time.

Tonization chamber lengths of 9.2, 5, and 2.5 centimeters were tested with
stannic iodide as the propellant. Shortening the ionization chamber also
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served to reduce the area available for ion-wall interactions.

Figure 20 shows the effective ion mass for the three chamber lengths as a
function of thrustor ion current. Two strands of 0.025-centimeter-diameter
tantalum wire were used as a filament in the 9.2Z-centimeter-long ionization
chamber, while ribbon filaments were utilized in the other two tests. The neu-
tral propellant flow rates were equal within about 10 percent. It is seen
that the ionization chamber length had little effect on the effective ion mass

of stannic iodide.

Several difficulties were experienced in testing the thrustor with the
2.5-centimeter-long ionization chamber. Quite often, the discharge would
quench as the net accelerating potential was increased. Quench potentials were
very high with this thrustor configuration. During calibration tests with mer-
cury, the minimum voltage at which the thrustor could be operated was more than
twice the quench potentials for mercury recorded when the two longer ionization
chambers were used. Also, during the calibration tests, it was noted that the
use of the short ionization chamber limited the maximum achievable propellant
utilization efficiency to about 60 percent. Over 925 percent utilization effi-
ciency could be obtained in the other chamber configurations with mercury.

The operational difficulties incurred with the short chamber indicate that
further shortening of the ionization chamber would not allow a discharge to
occur. In addition, the frequent quenching of the discharge when the acceler-
ating potentials were increased might indicate that it would be difficult to
ionize required quantities of molecules by electron bombardment in a strong ion
withdrawal field. The reductions in propellant utilization efficiencies re-
sulting from use of a short ionization chamber indicate that it may not be pos-
sible to combine efficient ionization with short molecular residence times
without substantial losses in thrustor efficiency.

Variation of propellant feed. - A side-feed electron-bombardment thrustor
(unpublished data obtained by Paul D. Reader of Lewis) was also used in order
to affect the molecular residence times. This thrustor differs in design from
all others tested in that the propellant is introduced into the ionization
chamber approximately radially from the anode surface between 2.5 and 5 centi-
meters from the upstream face of the screen. The results of this test are
shown in figure 21. It i1s seen that the effective ions mass decreased linearly
with the ion current. The results at low ion currents are similar to most
other tests with stannic iodide.

As no significant improvements in the effective ion mass were noted with
any of the thrustor geometric or electrical variations, the overall thrustor
efficiencies were not substantially different from those found in the first
prhase of the study. .

CONCLUDING REMARKS

The results of this investigation indicate that an electron-bombardment
thrustor of the type presently used for ionization of atomic species cannot be
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utilized to obtain heavy molecular ions in quantity at acceptable levels of
thrustor efficiency.

As no molecule had an effective ion mass greater than one-half the mass of
the parent ion, no useful comparison of the test propellants could be made on a
basis of molecular composition or interbonding type.

Variation of a number of operational parameters in a 1lO-centimeter-
diameter electron-bombardment thrustor indicated that only the filament emis-
sion current strongly affected the effective ion mass of the ilon beam over the
levels of thrustor parameters investigated. Because of the complicated inter-
relation between emission current and plasma conditions, however, no attempt
was made to describe this dependence in terms of specific molecular inter-
actions.

Variation of a number of thrustor parameters had no significant effect on
the effective ion mass of the thrustor ion beam. Attempts to reduce the dis-
charge voltage at which ion beams could be produced, by varying filament emit-
ting area and increasing the density of neutrals in the ionization chamber,
were unsuccessful. The fact that the effective lon mass is not dependent upon
the distributor plate bias and ionization chamber surface area indicates that
ion-wall interactions are not of primary importance in the determination of the
ion beam mass spectra. The attempt to reduce the residence times of the molec-
ular and ionic species, both by shortening the ionization chamber and by intro-
ducing the propellant near the screen, led to no significant improvement in
effective ion mass and, in the case of the shortest ionization chamber, led to
large reductions of thrustor efficiency.

Experiments did indicate, however, that molecule and/or ion interactions
with primsry electrons are the major factor in the molecular fragmentation pro-
cess. The complicated relation between the various thrustor parameters and the
molecular plasma, the relatively crude measuring technigue, and the inability
to influence to a significant extent the effective ion mass with variations in
thrustor electrical and geometric parameters (with the exception of filament
emission current) precluded exact identification of the primary causes of mole-
cular fragmentation.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, April 30, 1964
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APPENDIX A

SYMBOLS

B magnetic field intensity, gauss

newton

ampq/amuwf;

C constant, 1. 4ax107%

F thrust, newtons

J current, amp

L ionization chamber length, cm
M mass, amu

Vv potential, v

AV potential difference, Vv

Y sputtering yield, atoms/ion

My propellant utilization efficiency
Subscripts:

A accelerator

B ion beam

E emission

F filament

I anode

m effective ion

mag  magnet

n neutral beam

ie) parent

s index

SD screen-distributor
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APPENDIX B

THRUST TARGET

The thrust targets used in the experiment were fabricated of either stain-
less steel or titanium sheet 0.025 and 0.05 millimeter thick, respectively.
They were suspended by four 0.125-millimeter-diameter tantalum wires that were
approximately 58 centimeters long. The masses of both the titanium and stain-
less steel targets were approximately 70 grams. The targets were hung by cen-
tering the cone on the longitudinal axis of the thrustor.

Initially, an electric transducer was used to record thrust target de-
flection. Many difficulties were experienced with this measuring technique.
An optical cathetometer was then used to measure the target movement, and use
of this device reduced experimental "down time" and provided more reliable re-
sults. All data presented in this report were taken with the optical cathe-
tometer.

Analysis of Data

In this section a brief analysis i1s given to delineate the significance of
the data taken with the thrust target.

The total thrust of an ion beam is, in the case of a single ion species,
F = C+/V] J5/M

The particle mass, which may be calculated from a thrust measurement and which
will be referred to as the effective ion mass, is

Tl

= (B1)
c?vIg

My

In the case of fragmentation, however, when single ionization is assumed, the
thrust of an ion beam 1s

F =0T D, TV (82)
S

where Jg 1s the ion current in amperes associated with a particular ion frag-
ment of mass Mg 1in atomic mass units. The index s ranges over all values
of Mg present in the ion beam. The effective lon mass is

2

My =<E TV Y Js) (83)
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since

Jg = Y. Jg (B4)

S

When the fragmentation exists, the ion mass, calculated from a thrust
measurement, 1s the square of the average square root of the ion masses. Tt
can be shown that the measured effective ion mass is equal to or less than the
mean mass of the ionized fragments in the thrustor ion beam. It will be as-
sumed, however, for purposes of calculation of mass utilization efficiencies,
that the effective ion mass is equal to the mean mass of the fragment ions.
This approximation is probably adequate. For example, calculating a mean mass
and an effective ion mass from a mass spectrum of anthracene (ref. 3) resulted
in a difference of only 5 percent.

Calibration Techniques

A mercury ion beam was used to calibrate the thrust target for most tests.
The thrustor, with geometric conditions exactly like those to be used in the
following heavy-molecule tests, was operated over a variety of beam levels and

impulses.

It was assumed that the mercury ion beam represents a known thrust. Care
was taken to reduce multiple ionization by operating at discharge voltages less
than 50 volts. A curve of thrust as a function of target deflection may then
be obtained with the mercury beam as a known thrust. Quite linear and repeat-
able results were obtained with this method. Figure 22 shows a typical cali-
bration curve. In most calibration curves, two regions of nonlinearity were
noted. At large beam currents, always greater than 100 milliamperes, there
appears to be considerable beam divergence, although the current at which this
sets in is quite dependent on the net accelerating potential. Nonlinearities
also appear at low beam currents, usually less than 15 milliamperes. At small
thrust levels errors in the data such as leakage currents, meter unreliabili-
ties, and error in measuring the deflection could become quite significant in
the thrust calculation.

The mercury beam calibration then provided a linear repeatable calibration
over a large range of beam currents. It is believed that such a target allows
a direct comparison of thrusts between a mercury and a heavy-molecule ion beam.

While the mercury ion beam calibration should allow a good comparison of
thrust it is of interest to evaluate the accuracy of this calibration technique
in providing reliable absolute thrust measurements.

A pulley arrangement was used to determine absolute calibration curves. A
number of weights were attached by a string to the target and suspended over a
pulley. The friction forces were roughly measured and found to be negligible
when compared with the welghts used in the calibration. This method provides a
direct measurement of deflection as a function of thrust. Figure 22 shows such
a curve taken with the same thrust target used for the mercury ion beam
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calibration curve of that figure. It is seen that the two calibration tech-
niques gave quite similar results in the linear region of the beam calibration.

The use of simple pendulum equations provides another method for obtaining
an absolute calibration (ref. 10). An estimate can be made of the effective
length of the cone pendulum either by measuring the vertical suspension or
period of oscillation of the thrust target. A curve of thrust as a function of
deflection can then be calculated. Because of the long facility shutdown cycle
necessary to obtain an accurate measurement of the periocd and the uncertainty
in the significance of a direct measurement of the vertical suspension dis-
tance, the pulley system was used to determine the absolute thrust calibration.

Errors in Thrust Measurement

Three sources of error in the thrust measurement are beam spreading, sput-~
tering phenomena, and inaccuracies in use of the optical cathetometer.

Beam spreading. - Data were taken with an impingement current probe
(ref. 21) to determine the degree of beam spreading. These data indicated
that, in the range of ion currents used in this program, the amount of the ion
beam striking the thrust target was at least 97 percent of the total ion cur-
rent.

Sputtering phenomena. - An attempt was made to estimate the effect of
sputtering on the thrust measurement by both a rough theoretical calculation
and an experimental measurement.

In order to determine the thrust that sputtered titanium might produce, it
is necessary to estimate both the sputtering yield Y (atoms/ion) and the ener-
gy of the sputtered ions. From an extrapolation of the data of reference 22
concerning the energy of sputtered tungsten atoms due to incident singly
charged mercury ions of kinetic energies up to 900 electron volts, it is esti-
mated that the maximum energy of sputtered titanium atoms would be approxi-
mately 50 electron volts at incident ion energies of about 4000 volts.

Tt is difficult to estimate the yield for the experimental situation. The
angle of incidence 1is 150, and it will be assumed that ion bombardment at this
angle will increase the yield by a factor of 2 over normal incidence (ref. 23).
Although no data were available for the case of titanium sputtered by mercury
ions in the energy range of interest, data from reference 9 led to the approxi-
mation that Y = 2. A calculation of the thrust from sputtered particles
follows.

The ratio of the thrusts from the mercury lons to the sputtered titanium
on a per ion basis 1s then taken to be, from equation (1),
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~
Frg  C+/Vig Igg~Vig

Fp;  C+/Vipy Jpg~/Mpg

or
FHg _ C /4000 1 ~/200 e (B5)
Fp; C /50 2 /48
and
Phg _ 4
FTi y

so that the thrust from sputtered particles would represent at most one-ninth
of the total thrust. A rough one-dimensional analysis indicates that less than
one-half of the sputtered atoms escapes the target, so that the total effect of

sputtering on the thrust measurement was estimated to be less than 5 percent.

A measurement of the weight loss of the thrust target over a period of
testing was made to assess the sputtering loss in the thrust target. It was
found that the welght loss corresponded to an average current of 20 milli-
amperes of titanium atoms. If the energy is taken to be 50 electron volts,
this loss corresponds to a thrust of approximately 0.03 millipound, which is
about one-tenth of the smallest thrust at which data were recorded.

Error in optical cathetometer measurements. - Tests were carried out with
the optical cathetometer, and measurements were found to be repeatable to with-
in about 5 percent at the lowest levels of thrust target deflection at which
data were taken.

Total error in calculation of effective ion mass. - The preceding con-
siderations indicate that an error of approximately 10 percent is the maximum
to be expected in the thrust measurement. Since the experimental thrust is
squared in calculation of the effective ion mass, it is concluded that the
error in the values of effective ion mass should usually be less than 20 per-
cent.
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TABLE T.

- HEAVY MOLECULE DATA

Molecule Formula Ateomic | Experi- | Ioniza- | Fragmen- Experi-
mass, mental | tion po- |tatlon po- mental
amu quench | tential, | tential, vapor
poten- v v pressure
tial, at 100° C,
v (a) (a) mm Hg
Anthracene C14810 178 16 8. 41 12.3 2x10"+
Pyrene C16H10 202 (b) 8.8 (b) 1072
Chrysene C1aH2 228 (v) 7.71 16 1073
1,2,4,5-Tetrabromobenzene CgHoBry 394 |16 to 18| 10.7 15 5x10-2
Pentabromophenol CgBrsOH 489 20 (v) (b) 3x1.0"3
Stannic iodide Snly 626 |17 to 21 (b) () (b)
Selenium Seq 632 (v) (v) (b) 2x10™6
Silicotungstic acid H,81Wy 50, " 24H,0 | 3311 34 (b) (b) (b)

8Data from ref. 16.

bNo data available.
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Figure 4. - Variation of effective ion mass with ion beam current for five propellants.
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Figure 5. - Variation of effective ion mass with
ion beam current for three values of ion-
chamber potential difference. Propellant,
stannic iodide; anode potential, 5000 volts;
accelerator potential, -1.250 volts; magnetic
field intensity, 32 gauss; neutral beam cur-
rent, 0.07% ampere.
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Figure 6. - Variation of effective ion mass with

filament emission current for three values of
ion-chamber potential difference. Propellant,
stannic iodide; anode potential, 5000 volts;
accelerator potential, -1250 volts; magnetic
field intensity, 32 gauss; neutral beam cur-
rent, 0.075 ampere.
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Figure 11. - Variation of effective lon mass with ion-chamber potential differ-

ence for six propellants.
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Figure 12. - Variation of effective ion mass with
ion-chamber potential difference for two values
of filament emission current. Propellant, stan-
nic iodide; anode potentisl, 5000 volts; accel-
erator potential, -1250 volts; megnetic field
intensity, 32 gauss; neutral beam current,
0.075 ampere. JIon beam current, 0.023 to C.04d
ampere and 0.050 to 0.060 ampere at filament-
emission-current values of 0.4 and 1 ampere,
respectively.
Propellant Molecular Ion-chamber Ton beam Neutral
B welght potential current, bean
difference, Jgs current,_
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Figure 13. - Variation of effective ion mass with magnetic field

intensity for 1,2,4,5-tetrabromobenzene and anthracene. Anode
potential, 4000 volts; accelerator potential, ~1000 volis.
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Effective ion mass, M;, amu

N N T

Propellant Molecular Ion-chamber Ton beam Neutral
— weight potential current, beam ]
difference, g current,
I V1s amp Jns ]
v amp
O Stannic lodide 626 50 0.085 0.072
0O 1,2,4,5